One of the most serious problems in areas indicated for irrigation projects in the Brazilian Northeast region is the occurrence of sandy soils, known to have low moisture retention, but occurring in strategic locations in terms of water supply and geographical situation, and which can be used for agricultural purposes. The objective of this study was to evaluate the influence of particle size distribution and porosity on the water retention capacity of sandy soils in the semiarid area of the Northeast region. Soil bulk and particle densities, total porosity (macro, meso and microporosity), field capacity, permanent wilting point and soil-water retention curve were determined in samples of surface (A) and subsurface (C or Bw) horizons of ten sandy soil profiles. Particle size was determined subdividing the sand fraction into five classes. Higher amounts of the medium and fine sand fractions of the studied soils oriented their physical and hydric characteristics, being responsible for their great water retention. The arrangement of the fine silt, clay, fine sand and very fine sand particles may have provided a diversity of pore sizes and a good pore distribution, being responsible for the large proportion of micropores in the soils, allowing great water retention capacities.
INTRODUCTION
Sandy soils are underused for agriculture purposes due to the general idea that their high proportion of particles with large size (2.0 -0.05 mm) leads to low water retention capacities (Or and Wraith 2002, Filizola et al. 2017) . The particle size distribution can vary considerably among sandy soils, specifically the sand fraction, and therefore the water retention capacity of these soil varies (Franzmeier et al. 1960 , rivers and Shipp rOBerTO DA B.V. PArAHYBA et al.
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An Acad Bras Cienc (2019) 91(4) e20181031 2 | 20 1972). This underuse affects particularly areas recommended for irrigation projects, since sandy soils predominate in many of these areas throughout the world. The semiarid Brazilian Northeast region has a large area of 969,589 km 2 (Araújo 2011 , Correia et al. 2011 , part of it dedicated to irrigation projects, which occupied most of the more suitable soils. These projects in this Brazilian region and in other semiarid regions could expand to areas with sandy soils having moisture retention capacity higher than expected for these soils, since many of them occur in strategic sites in terms of water sources and geographic situation. There are many factors affecting soil water retention, especially granulometry and structure (Mota et al. 2010 , reichardt 1990 . Soil granulometry is one of the most stable physical characteristics and represents the quantitative distribution of mineral solid particles with respect to size. It is an important characteristic for soil description, identification and classification, with quantitative connotation (Ferreira 2010) . Soil particle size affects the air space, especially due to the differences in terms of water retention, pore distribution and continuity (Deepagoda et al. 2011 , Mosaddeghi et al. 2007 , pore diameter (reichardt and Timm 2004) and through its effects on soil water retention capacity and in the potential land uses (Siqueira 2007) .
The retention and the conduction of water in soils are favored by a porous system that is stable and well distributed in the profile (Libardi 2010) . Larger pores are responsible for soil aeration and water conduction under saturated conditions, while smaller pores act in water retention and conduction under unsaturated conditions (Cassel and Nielsen 1986) . There are sandy soils with high proportions of fine and very fine sand, which must be studied with respect to their physicalhydraulic parameters. Franzmeier et al. (1960) and rivers and Shipp (1978) , studying soils with light texture, reported that the amount of available water varied significantly with the percentages of very fine sand and silt. This means that among sandy soils there are differences in water retention, guided by granulometric composition of the sand fraction. Similar results were found in a study by Filizola et al. (2017) , in sandy soils with different managements in an agricultural area and in an area with Cerrado vegetation, in guaraí municipality of, Tocantins state, Brazil. Manfredini et al. (1984) reported that in medium-textured soils and in Quartz Sands (Arenosols) the distribution of pores is predominantly determined by the granulometry of the sand fraction, highlighting that there is a significant correlation between the percentage of fine sand and the water storage capacity of sandy soils, which indicates greater microporosity. Soil-water retention curves have been used as an important tool in the description of the physical-hydraulic behavior and the mechanics of unsaturated soils. It is also essential in studies on soil quality intended to guide use practices and sustainable management of agricultural production systems (Machado et al. 2008 , Silva et al. 2010 ). This study aimed to evaluate the influence of particle-size distribution and porosity on the water retention capacity of sandy soils in the Brazilian Northeastern semiarid.
MATERIALS AND METHODS

SOILS IN THe STUDIeD AreA
The study was carried out in a settlement area located in the municipality of Glória (38⁰ 26' 00" to 38⁰ 20' 00" W, and 09⁰ 11' 00" to 09⁰ 20' 00" S), in irrigated areas in the semiarid region of Bahia state, Brazil. Sandy soils of the Arenosol and mediumsized particle texture of Ferralsol classes (IUSS Working group WrB-FAO 2014), both developed from sandstone sediments of the Tucano Basin, are predominant in the studied area (Oliveira Neto et al. 2007 ).
Three subareas with Ferralsols and seven subareas with Arenosols were selected. Ferralsols rOBerTO DA B.V. PArAHYBA et al.
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The soil profiles 1-Dystric Chromic Siderolic Arenosol and 1-Dystric rubic Siderolic Arenosol are different from the other Arenosols' profiles with respect to their granulometry, as well as for having deeper subsurface horizon, loamy sand texture in the limit to sandy loam, and a weak structure development, which was an important parameter to verify this characteristic in the properties of soil water retention.
LABOrATOrIAL SOIL ANALYSIS Bulk density, granulometry, particle density and water retention capacity were determined in the collected soil samples. Physical-hydraulic tests were performed, determining soil water retention curve (SWrC), water content at field capacity (Fc) and permanent wilting point (Pwp). Pore-size distribution was estimated through a mathematical equation adapted from Bouma (1991) .
For the determination of soil density, the samples were collected using a Köpeck core, with three replicates for each horizon of the profile. Determination of granulometry, particle density and water retention capacity at low tensions were performed with three replicates, using the methods described in the Manual of Soil Analysis Methods (Texeira et al. 2017) . The fractions silt (0.05 -0.002 mm), clay (< 0.002 mm) and sand (< 2 -0.05 mm) were separated, and the latter was further separated into the fractions very coarse sand (< 2.0 -1.0 mm), coarse sand (< 1.0 -0.5 mm), medium sand (< 0.5 -0.25 mm), fine sand (< 0.25 -0.10 mm) and very fine sand (< 0.10 -0.05 mm) (Soil Science Division Staff. 2017). For SWRC determination, in the laboratory, the horizons A and C of Arenosols and A and Bw (deeper, between 150 and 200 cm) of Ferralsols were selected in each soil profile in order to form a pair of horizons for each area.
Bulk samples of sandy layers of representative Arenosols were collected to obtain a sufficient amount of pure sand. In these samples, a sand fractionation of reference to the region (very coarse, coarse, medium, fine and very fine sand fractions) was performed. Furthermore, in each separated pure sand fraction the water retention capacity was determined, and a corresponding soil water retention curve (SWrC) was made.
For the physical-hydraulic tests and the analyses, disturbed soil samples contained in volumetric cores (∅, diameter = 5 cm x h, height = 2.5 cm) were collected from surface and subsurface horizons of the 10 (ten) selected profiles, in three replicates of each sample per horizon. The method of richards (1947) was used for SWrC determination, subjecting soil samples to tensions of 10, 33 and 100 kPa in the pressure chamber with a 1-bar ceramic plate. For tensions of 1,000 and 1,500 kPa, a Richards' extractor with a 15-bar ceramic plate was used (Texeira et al. 2017) . Soil samples were also subjected to water column tensions of 40, 60, 80 and 100 cm, through a tension table, with three replicates of each sample per horizon at each tension (Texeira et al. 2017) . The SWrC was made by relating the potentials with the respective values of the obtained volumetric water contents. SWrC data were adjusted according to the procedures suggested by van genuchten (1980), using the program "Retention Curve" -RetC (van genuchten et al. 1994) for the determination of the parameters used in the equation 1.
where θ is the volumetric water content (m 3 m -3 ) at the respective potential (Ψ), after equilibrium with the applied potential; θs is the volumetric water content determined at saturation (m 3 m -3 ); θr is the residual volumetric water content (m 3 m -3 ) determined at the permanent wilting point (at -1,500 kPa); Ψ is the soil water potential (mwc); and α (m -1 ), n and m, the empirical parameters of the equation. The parameter m was calculated using the expression m = 1 -1/n (Mualem 1976 ). Poresize distribution was based on the mathematical expression (equation 2), adapted from Bouma (1991) .
cos
where D is pore diameter (μm); σ is the water surface tension (N m -1 ); α is the contact angle between the meniscus and the capillary tube wall, assumed as equal to 0°; ρa is the water density (kg m -3 ); g is the acceleration of gravity (m s -2 ); and |Ψ| is the absolute value of the water tension in soil pores (mwc). Assuming σ = 73.575 x10 -3 N m -1 , ρa = 1,000 kg m -3 and g = 9.81 m s -2 , the equation 2 can be simplified and the pore diameter (μm) was calculated by the equation 3. Therefore, pore-size distribution was determined by relating pore diameters to the tensions applied to the samples during SWrC tests. Thus, macropores (D > 300 μm) were defined as pores that drain water from 1 kPa on, mesopores as those draining water between the tensions > 1 kPa and 6 kPa (50 μm < D < 300 μm), and micropores as those draining water at tensions > 6 kPa (D < 50 μm) (Prevedello 1996) .
Porosity was determined according to the saturation method, assuming that the volume of pores (Vpores) is equal to the volume of water filling soil pores (saturation). Thus, soil samples contained in the cores were saturated and the core-sample sets were weighed (MSsat = mass of saturated soil), dried in an oven and weighed again (MDS105 °C = mass of the soil dried at 105 °C). Vpores was then calculated by the difference between MSsat and MDS105 °C, calculating soil porosity according to the equation 4.
where P is total soil porosity (m 3 m -3 ); Vpores, the volume of pores (m 3 ) and Vtotal, the total soil volume (m 3 ), represented by the volume of the volumetric core used in the soil sampling (π r 2 h).
IN-SITU DeTerMINATION OF WATer reTeNTION CAPACITY
In-situ tests with twelve replicates were performed for the measurement of water retention capacity. For this, in a site close to the soil profile, in each one of the ten subareas, six iron grids with dimensions of 100 cm x 100 cm and a height of 25 cm were installed, inside which water was added using an amount sufficient for the determination of the water retention capacity, according to Texeira et al. (2017) . The samples were collected using a soil auger and stored in properly sealed aluminum cans; then, the samples were weighed and dried in an oven at 105 ºC. rOBerTO DA B.V. PArAHYBA et al.
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RESULTS AND DISCUSSION
SIZe DISTrIBUTION OF SOLID PArTICLeS AND SOIL POrOSITY
The granulometric composition of the soils in the ten studied subareas is essentially sandy (Table II) , with sand contents in Ferralsols from 898 to 905 g kg -1 in surface horizons, and from 750 to 808 g kg -1 in subsurface horizons. In the Arenosols, these contents ranged from 875 to 944 g kg -1 in surface horizons and from 814 to 906 g kg -1 in subsurface horizons. Both soil classes showed textural variation in the subsurface, changing from sand to loamy sand, which indicates an increment of clay and silt in the subsurface in most of the studied soil profiles. As to the size distribution of particles from the sand fraction, a predominance of medium and fine sand was observed in all profiles (Table II) .
The variation in soil particle size is directly related to the change in water retention properties (river and Shipp 1972 , Silva et al. 2006 , Fidalski et al. 2013 ). In the case of materials with greater particle size heterogeneity, the effective pore size can be reduced by the effect of empty spaces between larger grains being occupied by smaller particles (packaging phenomenon); Thus, it is possible for certain particle size distributions to cause soil compaction and minimize pore space (Donagemma et al. 2016 ). riva (2010) observed that a proportion with about 30% of small particles favors packaging. According to giménez et al. (1997) , soils with the presence of smaller particles are characterized by the presence of smaller pores, while the larger particles create large pores. The high medium and fine sand values (< 0.5 -0.25 mm and < 0.10 -0.05 mm, respectively) found in the sandy soils of this study promote a capillary distribution network with smaller diameter pores, allowing retention of water between soil particles and a slower movement of the soil solution. This can favor a smaller loss by percolation and consequently higher water storage in these soils, allowing a supply of water to the cultures for a longer period.
Sandy soils, in general and especially those in which coarse sand prevails over fine sand, have great limitation related to the available water storage capacity. However, the studied sandy soils have a small proportion of sands with larger diameters (< 2.0 -1.0 mm and < 1.0 -0.5 mm, very coarse and coarse, respectively). These sizes of coarser particles represent only 6-16% of the total sand. The high percentages of finer particles (0.5 -0.25 mm and 0.25 -0.10 mm, medium and fine sand, respectively), between 40 and 75% of the total sand, combined with their clay contents (< 0.02 mm), despite low (4 to 15%), probably contributed to increasing water retention in these soils. Muggler et al. (1996) explained that the higher water retentions in sandy soils are due not only to their content of fine sand, but also to the combined effect of this fraction with clay, especially in soils with very low silt and clay contents, as verified in this research. The studied soils, although sandy, may have less water limitation, because they present a great quantity and variability of sand subfractions with smaller diameters, mainly the medium and fine sand. In relation to this, it was observed that all soil profiles showed predominance of the sand and fine sand fractions over the other subfractions (Table II) .
The physical-hydraulic behavior of sandy soils varies according to the granulometry of the sand fraction. Sandy soils with finer particles have higher water retention than sandy soils with coarser particles (Mecke et al. 2002 , Fidalski et al. 2013 . The more subdivided this fraction is (medium, fine and very fine sand), with less uniform sizes and forms, the higher will be the percentage of medium (50 μm < Ø < 30 μm) and small (Ø < 50 μm) porous spaces between soil particles, which will contribute to greater water storage, reported later rOBerTO DA B.V. PArAHYBA et al.
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with the data of Table III . This can be justified by the better arrangement of particles, resulting in a smaller diameter in the capillary network, which allows the presence of a thicker water film retained between particles, and in a slower movement of the soil solution and, consequently, a higher amount of water retained in the soil (Kiehl 1979) .
Besides the distribution of frequency of soil particle sizes, the form and the way they are grouped in the soil can create arrangements that influence soil packing, compaction and water storage (Abrahão et al. 1998 ).
Due to the very low contents of very coarse and very fine sand in all the soil samples, a new classification for the sand fraction was adopted in this study, separating it into three levels: coarse sand (formed by coarse and very coarse sands), medium sand and fine sand (formed by fine and very fine sands).
Soil granulometric analysis was decisive to separate the profiles Dystric Rubic 3, Dystric Chromic 1, 2, 3 and 4 from Dystric rubic 1 and 2, especially through their silt + clay contents (Table  II) . Profiles Dystric Rubic 1 and 2, despite having higher silt + clay contents than the others, showed more developed morphological organization in the subsurface horizons C5 and C4, respectively, promoting better physical characteristics, which were intermediate between Ferralsols and Observation: OM = organic matter; 1 = macroporosity/microporosity ratio; 2 = macroporosity/total porosity ratio; 3 = (macro + meso)/total porosity ratio; 4 = microporosity/total porosity ratio; Bd = bulk density; Pd = particle density. Arenosols (Table II) . Although the profiles Dystric rubic 3 and Dystric Chromic 2 had slightly higher silt + clay contents in subsurface horizons (C4), their morphological characteristics in the in-situ test were typical of Arenosols. Total porosity was relatively low, as generally is observed in sandy soils, compared with clayey and silty soils (Bruand et al. 2005) , in a decreasing gradient in the subsurface (Table  III ). In the A horizons of Ferralsols, total porosity was approximately 34%, and in the Bw horizons the values were lower, about 33%. On the other hand, in the A horizons of Arenosols, the values were about 37% higher than in C horizons, which showed values of 35%.
Soil particle density (Pd) had values between 2.53 and 2.66 g cm -3 in all the horizons of both soil classes. These values are within the density range for quartz, a basic mineral constituent of sandy soils (Kohnke 1968 ). Weil and Brady (2016) observed particle densities from 2.60 to 2.75 g cm -3 in sandy soils.
Soil bulk density (Bd) in this study was within the range found in the literature for sandy soils, both for Ferralsols, with values from 1.59 to 1.64 g cm -3 (Table III) , similar to those observed by Ker (1997) and Cunha et al. (2005) , and Arenosols, with values from 1.58 to 1.70 g cm -3 , which are within the ranges observed by the São Francisco's Hydroelectric Company -CHeSF (1987 , 1989a , and by Cunha et al. (2005) and Schioavo et al. (2010) . Bd values tended to be lower in surface horizons (Table III) . This fact can be justified by the higher organic matter (OM) content in surface horizons (Table III) , which promotes a reduction in soil density. Besides OM, the literature claims that higher Fe and Al oxides contents in the soil have an influence on the increase of soil particle density (reinert and reichert 2006). The Fe and Al oxides contents were low due to inherited characteristic of their parent material which are sandy sediments of the Tucano Basin. It can be concluded that OM had a high contribution to soil density values and, consequently, to pore size distribution. For reinert and reichert (2006), soil density tends to increase in subsurfaces of the profile. This is probably due to lower OM contents, low aggregation of soil particles, small amounts of roots and higher compaction caused by the mass of overlying layers.
The influence of organic matter on the values of total porosity was the most remarkable factor in the differentiation between surface and subsurface horizons, especially in Arenosols, which have higher OM contents in the A horizons and lower ones in the C horizons (Table III) . However, the large contents of the fine sand fraction may have been responsible for the low values of total porosity, as observed by resende and rezende (1983) . These authors reported that high contents of fine sand in sandy soils can produce particle packing, reflected by higher densities and compaction, with decreased total porosity. Indeed, if soil particles are arranged in close contact, there is a predominance of solids in the sample and less empty spaces, resulting in the decrease of porosity (ribeiro et al. 2007 ). However, the more subdivided the solid particles (for sand: medium, fine and very fine) and the less uniform the particle sizes, the larger will be the spaces between them, contributing to greater water retention (ridgway and Tarbuck 1968, Castro and Pandofeli 2009) . At first, this particle arrangement contradicts the classical theory that sandy soils have predominantly low water retention. Therefore, for a better understanding of the process of water retention in sandy soils, it is necessary to subdivide the sand fraction into subfractions with the distribution of the proportion of their pores into macro, meso and micro sizes (Table III) .
Among the three existing classes of pores, macroporosity, in general, showed the lowest values and was more expressive in surface horizons, especially in Dystric rubric 3, Dystric Chromic 1, 2, 3 and 4, which have the highest OM contents in the A horizons (Table III) . rOBerTO DA B.V. PArAHYBA et al.
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The macroporosity was considered as those pores draining water above -1 kPa (pore diameter > 300 µm), as suggested by Prevedello (1996) , while mesopores drained between -1 and -6 kPa, and micropores, below -6 kPa. Some authors consider macroporosity as the pores that drain water above -6 kPa, summarizing the porosity classification into only two classes: macro and microporosity.
Separation of solid particles into more detailed sizes, which showed great variability, and the determination of macro, meso and micropores allowed a better understanding on the processes of water retention in these sandy soils, evidencing a hydraulic behavior much different from the one conventionally reported for soils with this texture. However, when the values of macroporosity and mesoporosity were added, considering the total as macropores, the results showed the same tendency of lower values compared with microporosity, even when they were evaluated separately, i.e., macroporosity < mesoporosity < microporosity.
The proportions of micropores were higher than those of macropores, particularly in the subsurface horizons (Table III) . This occurred both in Bw horizons of Ferralsols and in C horizons of Arenosols, sand particles having different diameters and arrangement from those in surface horizons, which, combined with the higher silt and clay contents , allow greater microporosity in these horizons and, consequently, higher water retention capacity.
Soil porosity can also be evaluated through the distribution of pores per size by relating the volume of macropores to the total volume of pores in a soil sample (macroporosity/total porosity ratio; Table  III ).
According to genro Jr et al. (2009) , this ratio has an ideal value around 0.33 and indicates good relationship between aeration capacity and water retention in the soil. For Taylor and Aschcroft (1972) and Silva et al. (2004) , macropore values must be higher than 0.10 m3 m -3 (10%), allowing gas exchanges that favor root growth. In addition, the presence of pores > 145 μm in the soil in ideal percentages (in theory) is of fundamental importance for the process of soil water infiltration (Hillel 2003) . In this study, the presence of a higher proportion of micropores, compared with macropores, explains the obtained low values of the macroporosity/total porosity ratio (Table  III) . For Weil and Brady (2016) , soils with 1/3 of macropores (34%) and 2/3 of micropores (66%) have adequate conditions for the development of agricultural crops. However, Camargo and Alleoni (1997) considered as ideal a soil with 50% of its total volume of porous space.
SOIL-WATer reTeNTION CUrVeS
The soil-water retention curves (SWRC) reflected the hydraulic differences between the studied soils, and three distinct situations occurred between the soil classes (Figures 1 to 4) .
In the class of Ferralsols, subsurface horizons (Bw) showed greater water retention than A horizons along the entire curve (Figure 1) , proving that in Bw horizons the finer fractions play a fundamental role in water retention. Indeed, this greater water retention in Bw horizons is mainly due to the presence of very fine particles (very fine sand, silt and clay) with a total value of 603 to 720 g kg -1 , whereas in the horizon A the value were from 500 to 571 g kg -1 (Table II) . Together, these particles contributed to the higher amounts of micropores in the Bw horizons (Table III) , expressed by microporosity with values of 23 to 27% of the total porosity (Table III) , while the A horizon presented values of 15 to 18% of the total porosity. As a consequence, these porosities resulted in increasing capacities to retain water, even at high tensions (1,500 kPa ≅ 15,000 cwc ≅ 4.2 log cwc), when the soils reached the permanent wilting point (Pwp). According to the SWrC of Dystric rubic 1 and 2 (Figure 2 ), these profiles have hydraulic behaviors more similar to those of Ferralsols than to those of the profiles Dystric Rubic 3, Dystric Chromic 1, 2 3 e 4, (Figures 3 and 4) . Very fine particles were present in greater amounts in Arenosols, represented by the profiles Dystric Rubic 4 and 2, and were responsible for this greater similarity with Ferralsols in Dystric rubic 3, Dystric Chromic 1, 2, 3 and 4, with respect to water retention capacity ( Figures. 1 and 2) .
Among the Arenosols (Dystric rubic 3, Dystric Chromic 1, 2, 3 and 4), those represented by the profiles Dystric Chromic 3 and 4 showed hydraulic behavior different from the others, differentiating from the tension at field capacity (-10 kPa ≅ 100 cwc ≅ 2.0 log cwc, Figure 4 ). From this tension on, there was greater water retention in the A horizons than in the subsurface horizons, differently from the other Arenosols and Ferralsols. The greater organic matter content in the A horizons of Dystric Chromic 3 and 4, with values of 8.1 and 17.3 g kg -1 (Table  III) , respectively, seems to explain this behavior of greater water retention when the pores are subjected to high tensions (permanent wilting point). In this regard, Dexter (2004) observed significant effect of organic matter on water retention in sandy soils.
Another important aspect that differentiates the water retention capacity of the studied soils is their different pore-size distributions, evidenced by the SWRC slope and confirmed by the values of the "n" parameter of Eq. 1 of van Genuchten (Table  IV ). In addition, high values of the coefficient of determination (r 2 ) can be observed in Figures 1 to  4 , which indicate a good correlation of eq. 1 to the SWrC data of the studied soils.
Almost all the infiltrated water in sandy soils is retained at higher potentials (low tensions), with the occurrence of an abrupt decrease in water content from that of field capacity (0 kPa). This characteristic in sandy soils is due to the predominance of macroporosity (reichardt 1990) . Hillel (1998) affirmed that, with the range of low tensions, water retention depends mainly on capillarity and pore-size distribution; thus, it is affected by soil structure.
At high tensions, the phenomenon of adsorption is responsible for water retention, influenced by granulometry and specific surface area of the soil (Hillel 1998, reichardt and Timm 2004) . In general, in well-structured soils there is greater presence of particles that are arranged in aggregates, so there is a predominance of voids in the soil and the porosity will be high (ribeiro et al. 2007) , which leads to a better water retention. According to reeve and Carter (1991), compressed soils are characterized by lower water retention at low tensions (0 to 100 kPa), resulting from the reduction of porosity, especially macropores, which are filled with gravitational water in the largest matric potentials (less negative). Conversely, an increase in water retention is usually observed at the lower potentials (more negative) as result of increased micro porosity, increasing the capillary water volume. In the present study, water retention was higher in all the subsurface horizons of the studied soils, since they presented higher volumetric moisture values (θ cm 3 cm -3 ) than the surface horizons, expressed by the SWRC according to figure 1, 3 and 4, and data from tableIV, discussed ahead. This greater retention in subsurface horizons occurred because of the influence of finer soil fractions (River and Shipp 1978 , Silva et al. 2006 , Filizola et al. 2017 ). However, the surface horizons of the Dystric Chromic Siderolic Arenosol profiles 3 and 4, from the tension of 10 kPa on (Figure 4) , have greater water retention than their subsurface horizons.
As they usually have larger pores, sandy soils are more rapidly emptied at low tensions, leaving only small amounts of water retained at lower (more negative) potentials. This fact, according to Hillel (1982) , explains the steep slope of the SWrC for these soils. According to the values of water retention obtained in the present study in rOBerTO DA B.V. PArAHYBA et al.
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An Acad Bras Cienc (2019) 91(4) e20181031 12 | 20 sandy soils, through soil water retention curves fitted to the model of van Genuchten (1980), the parameter "n" assumed values higher than one 1.0, and remained between 1.4 and 2.5 in Ferralsols, and between 1.2 and 2.4 in Arenosols (TableIV). However, Barreto et al. (2011) observed a tendency of sandy soils to have retention curves with higher slope, reflecting a small variation of pore size, with higher values for the parameter "n". Dystric Chromic Siderolic Arenosol -4 ( Figure 4) . The other results of the parameter "α" of the other water retention curves had relatively low values, between 0.01 and 0.13 (Table IV) . Indeed, the hydraulic behavior of the A horizon of Dystric Chromic Siderolic Arenosol -4 is directly related to the pore-size distribution of this horizon, due to the amount of sand subfractions. In this profile, from the total sand content of 933 g kg -1 , 18% is very coarse and coarse sand. Its macroporosity is 27% (Table II) , representing 69% of its total porosity, which causes greater drainage at low tensions in its macropores.
For the other profiles, great variations were observed in the values of the parameter "α" (Table  IV) , not being possible to associate them with tendencies that defines the hydraulic characteristic of the soils.
In the sandy soils of the present study, the distribution of sand subfractions along the profile seems to explain the processes of water retention better than the clay fraction does, notwithstanding the fact that the small amounts of clay in these soils (between 40 and 150 g kg -1 ) have intensified their water retention capacity.
In order to characterize the hydraulic behavior of the sand subfractions and their contributions to water retention, the amounts of each pure sand subfraction (very coarse sand, coarse sand, medium sand, fine sand and very fine sand) were separated. Then, the water retention was determined and the SWrC was constructed for these subfractions, which are represented by Figure 5 .
As expected, coarser sand subfractions (very coarse and coarse) contributed more to the water drainage in the soil with low capacity of water retention, even at low tensions. This soil lost approximately 80% of the water from the pores when a tension of only -1 kPa (≅ 10 cwc ≅ 1.0 log cwc) was applied, remaining with a volumetric moisture of (Ɵ) ≅ 0.12 cm 3 cm -3 , because these particles have the arrangement that forms larger pores. The sandy soils with greater quantities of sand in the range between fine and very fine sand present an arrangement that forms micropores, increasing their water retention capacity, as shown by the curves of fine sand and very fine sand ( Figure 5 ). In this figure, the tests prove that even the medium sand has a higher water content in the field capacity 10 kPa, with volumetric moisture values of (Ɵ) ≅ 0.12 cm 3 cm -3 , increasing to approximately ≅ 0.2 cm 3 cm -3 in the fine sands, and reaching (Ɵ) ≅ 0.42 cm 3 cm -3 when only very fine sand is present.
Although the water retention curves of Figure  5 represent laboratory conditions, they can be extrapolated to the field situation, proving that the water characteristic of the sandy soils was closely related to the sizes of the sand particles, and that the water retention of these soils increases significantly when there is an increase of finer particles, in conjunction with silt and clay.
The subfractions of fine and very fine sand, having smaller diameters, allow greater surface area, increasing the water films between the particles and consequently leading to greater water retention (Kiehl 1979) . These subfractions have water retention values about six times higher than those in very coarse and coarse sand (Table V) . This illustrates the pronounced influence of the fine sand fraction on hydraulic phenomena, as well as its form of distribution of occurrence in the soil.
The subfractions very coarse and coarse sand have an arrangement in which the contact between particles is lower, resulting in larger pore sizes (giménez et al. 1997 ) and, consequently, lower energy necessary to remove water (Hillel 1982) . The water retention in the coarse sand fraction was very low compared with that of fine and very fine sand (Table V) .
FIeLD CAPACITY, PerMANeNT WILTINg POINT AND AVAILABLe WATer
Although there is not yet a consensus on the correct tension associated with field capacity for each soil type (Kirkham 2014) , some authors consider tensions of -10 kPa for sandy soils and -33 kPa for soils with fine texture as corresponding to the field capacity (Bernardo et al. 2007 ).
The water contents at field capacity determined in situ (Fc in situ) showed values lower than those determined in the laboratory, at the tension of 10 kPa, but higher than those at 33 kPa, indicating that the tension at which the water is retained in these soils when they reach Fcin situ is between -10 and -33 kPa (Table VI) . A similar result was reported by Jabro et al. (2009) , who compared methods for the in situ determination of field capacity and observed values around -18 kPa for sandy soils. This proves that factors such as the distribution of sand fractions and their different pore sizes influence the energy of water retention in the soil and can show higher tensions when the soil reaches the equilibrium of the water content at field capacity.
According to the hydraulic parameters used for the calculation of the available water (AW), the great influence of size distribution of sand particles, forming different types of pores (macro, meso and micro), besides the influence of the other fractions (silt + clay), contributed to a different water retention behavior and to the tensions of water contents at Fc and Pwp in the studied soils (Table VI) .
There was an increment in the retained water content from -33 to -10 kPa. On average, the following results were obtained in % volume: at the tension of 10 kPa, Ferralsols showed mean values of 13.6% in the surface horizon and 20.3% in the subsurface horizon; in Arenosols, the mean values were around 13.0% in the surface horizon and 16.0% in the subsurface horizon (Table VI) .
As to the data of volumetric water content (θ), at the tension of 33 kPa, Ferralsols showed mean values of 7.6% in the surface horizon and 12.0% in the subsurface horizon. Arenosols showed mean values of 7.4% in the surface horizon and 7.7% in the subsurface horizon. Therefore, Ferralsols showed higher mean values of water retention in both horizons than Arenosols. These mean values were slightly higher than those observed in many studies conducted in the same region, in the municipality of glória, Bahia state (CHeSF 1987 (CHeSF , 1989a (CHeSF , b, 1991 (CHeSF , 1994 , in which the field capacity (Fc) values of Arenosols were 6.3 to 7.5% by volume. The field capacity for sandy soils usually ranges from 10 to 20% in volume and, for clayey soils, from 35 to 50% (Townsend 1972) . sand fraction at 10, 33, 100, 1,000 and 1,500 kPa Observation: AW = Available water; AW1 = (Fc -Pwp), Fc at tension of 10 kPa; AW2 = (Fc -Pwp), Fc at tension of 33 kPa. Fc = Field capacity; Pwp = Permanent wilting point.
TABLE VI
Available water, field capacity and permanent wilting point of sandy soils from the municipality of Glória, Bahia state, Brazil.
Horizon
Field capacity -Fc
Pwp -1,500 kPa Available water -AW
In situ
Laboratory In situ Laboratory -10 kPa -33 kPa AW1 AW2 AW3 These differences in water retention of sandy soils occurred because of the influence of the predominance of fine sand (Franzmeier et al. 1960 , rivers and Shipp 1978 , Silva et al. 2006 or the combined effect of finer sand and silt + clay (Muggler et al. 1996) , especially in those soils with very low silt and clay contents, or the different arrangement or packing of soil particles (Oliveira et al. 2000, resende and rezende 1983) or the constituent material (Machado et al. 2008) . These facts favor a greater water retention, resulting in higher availability of water to plants.
CONCLUSIONS
The distribution of the granulometric fractions, with higher amounts of fine and medium sand fractions, and pore size-distribution with higher proportions of micropores, of the sandy soils of the semiarid region in Northeast of Brazil, influenced the retention and availability of water, with Ferralsols having higher water retention capacity than Arenosols.
The characteristics of the soil water retention curves were influenced by the higher proportion of micropores, related to the total porosity, with Ferralsols presenting values averaging more than 63% and Arenosols more than 54%, resulting in high water retention of these soils at a range of lower potential between the field capacity and the permanent wilting point.
Higher amounts of fine and medium sand fractions of Ferralsols and Arenosols have an important role in their water retention process. Although low, clay contents between 50 and 150 g kg -1 also contribute to the soil water retention capacity which is directly reflected by soil water retention curves.
